A series of surface-doped LiMn 2 O 4 samples modified by a Li 2 CuO 2 -Li 2 NiO 2 solid solution were synthesized using a simple and facile sol-gel method to achieve the enhanced cycling performance, especially at elevated temperatures. The corresponding phase structure and morphology were investigated by X-ray diffraction (XRD) and scanning electron microscopy (SEM), respectively. is an effective strategy for improving electrochemical properties.
Introduction
The use of rechargeable Li-ion batteries as a most promising power source for the electric (EVs) and hybrid electric vehicles (HEVs) has attracted increased interest. The cathode material plays a vital role in rechargeable Li-ion batteries owing to its decisive contribution to safety, low cost, and high power/energy densities [1] . Amongst the layered LiCoO 2 , LiNiO 2 , LiNi 1/3 Co 1/3 Mn 1/3 O 2 , and spinel LiMn 2 O 4 oxide cathode materials, the latter is an attractive and promising candidate due to its low cost, environmental friendliness, abundant resource, easy preparation, high rate capability, and high thermal stability [2] [3] [4] . However, LiMn 2 O 4 often exhibits rapid capacity fading during the charge/discharge process, especially at the elevated temperatures, hindering broad commercial applications. The above problem mainly results from the lattice instability due to the Jahn-Teller effect and the dissolution of lattice manganese in the electrolyte due to the disproportion reaction of Mn 3+ caused by traces of HF in the electrolyte, with the latter reaction being more important for capacity fading [4] [5] [6] .
Although cationic doping of Mn sites by Ni 2+ [7, 8] , Al 3+ [9, 10] , Ru 4+ [11] , Ni-Cu [12] , Mg-Si [13] , and La-Bi [14] , has been carried out to retard capacity fading, the irreversible capacity loss arising from the dissolution of manganese cannot be completely alleviated both at room and elevated temperatures [15] . Surface modification, being another effective approach, is drawing more interest, since it can give rise to improved electrochemical properties due to its protective effect at the cathode/electrolyte interfaces, not only suppressing the dissolution of manganese, but also 4 improving operation safety and structural stability [16, 17] . Many compounds, such as metal oxides [18, 19] , fluorides [20, 21] , and phosphates [22, 23] , have been exploited as surface-modifying materials for upgrading the electrochemical performance of spinel LiMn 2 O 4 . However, these materials often fail to improve the capacity and rate capability owing to the inferior Li + migration and/or electron conductivity of the inert layer [24, 25] . at 600 °C for 3 h. A series of 0, 0.5, 1.0, and 2.0 wt.%-modified samples were prepared, denoted as 0, 0.5, 1.0, and 2.0 wt.% for simplicity, respectively.
Powder X-ray diffraction (XRD, Cu Kα, Rigaku Miniflex600), and scanning electron microscopy (SEM, JEOL, JSM-7001FA) together with transmission electron microscopy (TEM, JEOL, JEM-2010F) were employed to identify the phase structure and characterize the morphology, size, and modified sample layers, respectively. X-ray photoelectron spectroscopy (XPS, JEOL Ltd., JPS-9200) using an Mg Kα X-ray source was used to detect the surface composition.
Cell assembly and electrochemical measurements.
A Swagelok-type cell was assembled in an Ar-filled glove box [43, 44] . observed, which is ascribed to their low amount and/or amorphous structure [15] . A gradual shift to higher 2θ values is observed for the enlarged diffraction peak of (111) (Fig. 3) . A modified layer is invisible on the surface of the 0.5 wt.% sample (Fig. 3 (a) ) due to its low amount, whereas that is noticeable on the spinel particle surface for the 2.0 wt.% sample. Interestingly, electron diffraction patterns in the selected area of the modified layer for the 2.0 wt.% sample, were similar but not identical to those of the spinel structure, since the obtained lattice distance of 0.46 nm is slightly lower than the lattice fringe distance of 0.48 nm for the (111) plane of the spinel structure, corresponding to the shift of (111) XRD diffraction peak to higher angles. The above finding is thought to be due to the produced order to identify the presence of Cu and Ni in the modified layer, the cross section of the 0.5 wt.% sample was characterized by energy dispersive X-ray spectrometry (EDS). The particles were embedded within resin, and the cross section was obtained after mechanical and Ar-ion milling, as shown in Fig. 3 (c) . EDS spectra collected from regions 1 (resin) and 2 (resin-particle boundary) ( Fig. 3 (d) ) is displayed in Fig. 3 (e) . The carbon signal originates from the resin, while that of Mo is due to the substrate. Compared with region 1, obvious peaks of Ni and Cu are observed in region 2, indicating the presence of Ni and Cu elements in the surface of the particles.
XPS is always used to determine the surface composition and chemical states of ions. Figure 4 displays the Mn, Cu, Ni 2p 3/2 peaks for 0 and 0. An improved capacity retention at 55 °C, which is coinciding with that at 25 °C, is observed for the higher degrees of modification that result in a lesser extent of manganese dissolution and more stable spinel structure, thereby enhancing cycling performance [43] . from two obvious plateaus at 1, 2, and 3 C into a slopping line at 4, 5, and 7 C, demonstrating the ohmic drop and increased cell polarization at high current densities [58] .
EIS is an important tool to investigate the electrochemical properties of electrodes. Figure 11 displays the Nyquist plots of modified LiMn 2 O 4 samples after 200 cycles at 1 C and 55 °C, along with the equivalent circuit in the inset used to fit the spectra. As shown in the equivalent circuit, R S is the ohmic resistance that includes electrolyte and electrode resistance, R f represents the resistance of Li-ion diffusion in the surface layer (solid electrolyte interphase (SEI) film and modified layer), and R ct is the charge transfer resistance. Constant phase elements, CPE 1 and CPE 2 , denote the capacitance of the SEI film and the double layer, respectively. CPE 3 is chosen instead of the finite Warburg element to properly fit the Nyquist plots in the low-frequency region [59] . The EIS data simulated by Zsimpwin software are listed in Table 3 . interface to improve the cycling performance by suppressing SEI film formation and enhancing charge transport [60] . In particular, the lowest R f and R ct values of 6.54 and 49.23 Ω are achieved for the 0.5 wt.% sample. As the degree of modification increases, so do R f , and R ct , which is consistent with our previous report and can be attributed to the dominant role of hindered Li-ion diffusion via the thick modified layer due to the increased Li-ion diffusion path, regardless of the enhanced Li-ion diffusion via the retarded SEI film [43] .
To detect the effect of the modified layer on the structural stability of spinel LiMn 2 O 4 , an investigation of the cycled electrode morphology was carried out. Figure 12 displays SEM images of the cycled electrodes for 0 and 0.5 wt.% samples, before cycling (a) and (b), and after 300 cycling (c) and (d) at 1 C and 25 °C, respectively. Compared to Fig. 12 (a) , an obvious large crevice, along with the small crevice on the particles shown in the inset, is observed after 300 cycles for the 18 0 wt.% sample in Fig. 12 (c) , arising from the erosion by HF in the electrolyte and the inferior stability of the spinel structure [61] . No morphology changes are noticed for the 0.5 wt.% sample before cycling (Fig.11 (b) ) and after 300 cycles ( Fig. 12 (d) ), reflecting the fact that the protective modified layer can restrain the electrolyte erosion and preserve structural stability, resulting in improved cycling performance. Table 3 . EIS parameters obtained from the fitted curves using the equivalent circuit shown in Fig. 11 .
All data are based on electrode of cm -2 , and the units of R and CPE are Ω and S•sec n , respectively. 
